Background. Anemia is a known risk factor for clinical failure following antiretroviral therapy (ART). Notably, anemia and inflammation are interrelated, and recent studies have associated elevated C-reactive protein (CRP), an inflammation marker, with adverse human immunodeficiency virus (HIV) treatment outcomes, yet their joint effect is not known. The objective of this study was to assess prevalence and risk factors of anemia in HIV infection and to determine whether anemia and elevated CRP jointly predict clinical failure post-ART.
The global prevalence of HIV in 2013 was 29.2 million, with 1.3 million deaths [1] . Despite availability of antiretroviral therapy (ART), clinical ART failure is greatest in low-and middleincome countries due to lack of ART access as well as other factors, including a higher burden of malnutrition and anemia [2] [3] [4] . Studies from diverse areas of the world have shown that baseline ( pre-ART) anemia and ongoing anemia during ART predict HIV progression and adverse clinical outcomes, including morbidity and mortality [5] [6] [7] [8] [9] [10] [11] .
Anemia is defined by sex-specific hemoglobin cutoffs and has multiple known causes, including infectious diseases, inflammation, and deficiencies of iron, vitamin A, or vitamin B 12 [12, 13] . However, data are lacking on whether any of these types of anemia contribute to adverse HIV outcomes. A plausible biological explanation is also missing on the association of all-cause anemia and HIV outcomes, with suggestions that this association is not causal but that anemia might represent individuals with advanced HIV disease [14] [15] [16] . As studies have suggested that iron status might not predict HIV disease progression [17] , and as data from our cohort suggest low prevalence of deficiencies of vitamin A and vitamin B 12 , we hypothesize a major role for inflammation-associated anemia.
Inflammation, a well-known cause of anemia referred to as anemia of inflammation or anemia of chronic disease (ACD) [18] , may be particularly relevant in the setting of HIV. However, without an established definition, clinicians and researchers have used various, nonoverlapping criteria to define ACD, such as the exclusion of other causes of anemia, ferritin or soluble transferrin receptor concentrations, the ratio of soluble transferrin receptor to log ferritin (TfR-F index), plasma cytokine levels, or a profile based on a combination of parameters. Notably, C-reactive protein (CRP) is another marker of inflammation that has not been used to define ACD, but is already commonly measured in many clinical settings, including some resourcelimited settings, as a point-of-care assay [19] and may be particularly useful in the setting of anemia and HIV.
Given the interrelationship between anemia and inflammation and the independent associations of both anemia and elevated CRP with adverse outcomes in HIV [5, 20, 21] , it is of great interest and potential significance to determine if anemia and elevated CRP contribute jointly to the risk of adverse HIV treatment outcomes. To distinguish from ACD, we will refer to the presence of anemia and CRP-defined inflammation as "concurrent anemia and inflammation." The association of concurrent anemia and inflammation with HIV treatment outcomes has not been explored.
This study aims to assess the prevalence and risk factors of anemia among ART-naive HIV-infected adults, and to determine whether baseline anemia and baseline concurrent anemia and inflammation are associated with adverse treatment outcomes post-ART initiation. To address our objectives, we analyzed a case-cohort sample nested within the multinational Prospective Evaluation of Antiretrovirals in Resource Limited Settings (PEARLS) trial [21] , a randomized trial of ART efficacy in ART-naive HIV-infected adults from 9 countries.
METHODS

Design Overview
We performed a case-cohort study nested within PEARLS (ClinicalTrials.gov identifier NCT00084136), a randomized trial of ART efficacy conducted among 1571 ART-naive HIVinfected adults between May 2005 and May 2010 [22] . The nested case-cohort design allows for efficient assessment of multiple outcomes and allows prevalence estimates from the subcohort [23, 24] . The effect estimates and standard errors obtained from the case-cohort design tend to be very similar to those of the full cohort when cohorts are >1250 participants and the sampling fraction is >10% [23] [24] [25] .
Study Population
The parent PEARLS trial recruited participants from Brazil (n = 231), Haiti (n = 100), India (n = 255), Malawi (n = 221), Peru (n = 134), South Africa (n = 210), Thailand (n = 100), United States (n = 210), and Zimbabwe (n = 110). Inclusion criteria included age >18 years and CD4 + count <300 cells/µL. Individuals with acute illness, abnormal neutrophil, creatinine clearance, aspartate or alanine aminotransferase (as defined in parent study), and hemoglobin concentration <7.5 g/dL, as well as pregnant women, were excluded from recruitment [21] . Participants were randomized with equal probability to receive 1 of 3 ART regimens: (1) efavirenz plus twice-daily lamivudine/zidovudine; (2) atazanavir plus didanosine enteric coated and emtricitabine, all given once daily; or (3) efavirenz plus emtricitabine/tenofovir disoproxil fumarate once daily. Participants were followed for 96 weeks following ART initiation; study endpoints included clinical failure, virologic failure, and incident tuberculosis.
Our full case cohort (n = 470) consisted of a stratified random subcohort of 270 PEARLS participants (30 per country) and all additional cases in PEARLS outside of the random subcohort that met criteria for our outcomes of interest ( Figure 1 ). There were no significant differences between the random subcohort and the full parent cohort in baseline characteristics [26] . Our primary outcome was clinical failure, defined as incident World Health Organization (WHO) stage III or IV event or death within 96 weeks post-ART initiation (236 cases [clinical failure] and 234 controls) ( Figure 1 ). Secondary outcomes were virologic failure, defined as 2 successive plasma HIV type 1 (HIV-1) RNA levels >1000 copies/mL at or after 16 weeks post-ART initiation [26] and incident tuberculosis, defined as pulmonary or extrapulmonary tuberculosis by 96 weeks on ART ( Figure 1 ).
Ethics Statement
This study was approved by ethics committees and institutional review boards at Johns Hopkins University and participating site institutions. US Department of Health and Human Services guidelines for human experimentation were followed.
Data Collection and Laboratory Analysis
Body mass index (BMI) was measured at baseline. We assessed baseline clinical history and following ART initiation at 2, 4, and 8 weeks and every 4 weeks thereafter through 24 weeks, and every 8 weeks thereafter through 96 weeks. Baseline serum and plasma samples obtained from the participants were stored at −80°C. Each site laboratory measured CD4 + T-cell count, serum hemoglobin, and serum albumin; these measurements were externally quality assured according to the National Institutes of Health Division of AIDS and AIDS Clinical Trials Group (ACTG) Network laboratory quality assurance [22] . The Roche Amplicor Monitor Assay (version 1.5, Branchburg, New Jersey) was used to measure plasma HIV-1 RNA load. An enzyme-linked immunosorbent assay (ELISA) kit was used to measure plasma CRP (R&D Systems) at Johns Hopkins University.
Iron deficiency was evaluated by measuring serum ferritin (ALPCO) and serum soluble transferrin receptor (R&D Systems) concentrations using ELISA kits. Concentrations of serum retinol (vitamin A) and serum vitamin B 12 were measured using high-performance liquid chromatography-ultraviolet and an immunochemical automated analyzer, Abbott AxSYM (Abbott Laboratories), respectively.
Definitions
Anemia was defined based on WHO hemoglobin cutoffs (males: <13.0 g/dL; nonpregnant women: <12.0 g/dL) [27] ; a separate study assessed prevalence of pre-ART anemia and factors for the full PEARLS trial cohort (N = 1571) but used a different definition for anemia (hemoglobin ≤10.0 g/dL) [28] .
ACD was defined based on the TfR-F index as previously described with index values <1 indicating ACD [18, 29] . Inflammation was defined as plasma CRP concentrations ≥10 mg/L, based on previous HIV studies [30] . Concurrent anemia and inflammation was defined as anemic individuals having inflammation.
Iron deficiency was defined by either ferritin or soluble transferrin receptor concentrations. As serum ferritin levels can be influenced by inflammation, 2 different cutoffs were used for defining iron deficiency: for CRP <5 mg/L, ferritin <12 µg/L was used to define iron deficiency, and for CRP ≥5 mg/L, ferritin <30 µg/L was used as previously described for HIV-infected populations [17] . The cutoff for soluble transferrin receptor for defining iron deficiency was >8.3 mg/L [31] . Prevalence of iron For the clinical failure case cohort, the outcome was clinical failure, which was defined as incident World Health Organization stage 3 or 4 events or death within 96 weeks after antiretroviral therapy (ART) (n = 234 controls and n = 236 cases). For the virologic failure case cohort, the outcome was virologic failure, which was defined as 2 successive plasma human immunodeficiency virus type 1 RNA levels >1000 copies/mL at or after 16 weeks post-ART (n = 246 controls and n = 165 cases). For the tuberculosis case cohort, the outcome was incident tuberculosis by 96 weeks post-ART initiation (n = 255 controls and n = 76 cases).
deficiency was similar when using soluble transferrin receptorferritin (sTfR), another index of iron deficiency. Based on established cutoffs, the following values were used to define deficiencies: ≤1.05 µmol/L for retinol [32] , ≤148 pmol/L for vitamin B 12 [33] , and ≤3.5 g/dL for hypoalbuminemia [34] .
Statistical Analyses
The random subcohort was used to estimate baseline anemia prevalence and assess differences in anemia by covariates. Fisher exact test was used to calculate P values of differences in categorical variables. Univariable and multivariable logistic regression models were used to calculate the odds ratio (OR) and 95% confidence interval (CI) for anemia by covariates. Race was not used in multivariable models due to co-linearity with country. Stata software version 13 was used for data analysis; GraphPad Prism Software version 5 was used to create forest plots for ORs and CIs.
S-plus Tibco Spotfire software version 7.2 was used to conduct univariable and multivariable Cox proportional hazards analysis to determine the association of baseline anemia (model 1) and baseline concurrent anemia and inflammation (model 2) with study outcomes in the full case cohort. In model 2, the case cohort was divided into 4 categories based on anemia and inflammation status: (1) no anemia and low inflammation (used as referent); (2) no anemia and high inflammation; (3) anemia and low inflammation; and (4) concurrent anemia and inflammation. All Cox models were stratified by treatment and country; to account for the stratification in our study, we used Barlow weighting and robust standard errors in regression models [23] . Adjusting for race and removing country from the multivariable models yielded similar estimates (data not shown).
RESULTS
Study Population Characteristics
Prevalence of all-cause baseline anemia at study entry was 51%. The prevalence of concurrent baseline anemia and inflammation (based on CRP cutoffs of 10 mg/L) was 15% ( Table 1 ). The prevalence of ACD, based on TfR-F index, was 37%.
Risk Factors for Anemia
Risk factors for baseline anemia, assessed using the subcohort, were female sex (P < .001), race (P = .001), lower BMI (P = .009), lower CD4 count (P = .001), higher viral load (P = .01), and hypoalbuminemia (P < .001) ( .53]) remained independent risk factors for baseline anemia in multivariable regression models adjusted for viral load, country, BMI, and CRP ( Figure 2 ).
Association of Anemia With Clinical Failure
The clinical failure case cohort (N = 470) comprised 234 controls and 236 cases, where cases were defined as WHO stage 3 (n = 127, including 45 pulmonary tuberculosis), stage 4 (n = 48, including 12 extrapulmonary tuberculosis), and death (n = 15) ( Figure 1 ). Using the clinical failure case cohort (Figure 1 ), baseline anemia was associated with increased hazards of clinical failure in univariable (hazard ratio [HR], 1.81 [95% CI, 1.09-3.03]) and multivariable (adjusted HR [aHR], 1.88 [95% CI, 1.03-3.42]) Cox regression models, which adjusted for sex, age, BMI, CD4 count, viral load, and CRP (see model 1 in Figure 3A ).
Association of Concurrent Anemia and Inflammation With Outcome
We next assessed if baseline anemia with and without inflammation was associated with clinical failure (model 2) post-ART initiation. Using no anemia and low inflammation ( prevalence, 37%) as referent in model 2 ( Figure 3A) , concurrent anemia and inflammation ( prevalence, 15%) was associated with increased hazards of clinical failure in both univariable (HR, 6.01 [95% CI, 2.75-13.14]) and multivariable models (aHR, 6.41 [95% CI, 2.82-14.57]), which adjusted for sex, age, BMI, CD4 count, and viral load; this significant association was confirmed in models that also adjusted for iron deficiency and hypoalbuminemia (data not shown). In contrast, anemia and low inflammation ( prevalence, 37%; aHR, 0.77 [95% CI, .37-1.58]) and no anemia and high inflammation (prevalence, 11%; aHR, 0.45 [95% CI, .11-1.80]) had similar hazards of clinical failure relative to no anemia and low inflammation ( Figure 3A and 3B) . Seven percent of cases with concurrent anemia and inflammation Data are presented as No. and prevalence (%) of anemic people with concurrent micronutrient deficiency or inflammation.
Abbreviations: ACD, anemia of chronic disease; IDA, iron deficiency anemia; TfR-F, soluble transferrin receptor-log 10 ferritin. a Anemia was defined based on hemoglobin cutoffs for males (<13.0 g/dL) and nonpregnant females (<12.0 g/dL). b Concurrent anemia and inflammation was defined as having anemia as well as C-reactive protein values >10 mg/L. c Soluble TfR-F index was calculated using the ratio of soluble transferrin receptor to log 10 ferritin.
died, 36% developed WHO stage IV (13% had extrapulmonary tuberculosis), and 57% developed WHO stage III disease (23% had pulmonary tuberculosis) ( Table 3 ). As shown in Table 3 , the major events associated with concurrent anemia and inflammation were stage IV events, notably, extrapulmonary tuberculosis and AIDS opportunistic infections. Although our hypothesis and analysis were focused on concurrent anemia and inflammation, we also had data available for other causes of anemia. The prevalence were low (<10%) for iron deficiency anemia, vitamin B 12 deficiency anemia, and vitamin A deficiency anemia, and none of these deficiencies were associated with clinical failure in multivariable models. Similarly, there was no association of ACD with clinical failure (data not shown).
Compared to no anemia and low inflammation, concurrent anemia and inflammation was associated with increased hazards of incident tuberculosis post-ART in both univariable (aHR, 15 
Characteristics of Individuals With Concurrent Anemia and Inflammation
Among those with concurrent anemia and inflammation, 50% also met criteria for ACD (TfR-F index <1), whereas 6% had an index value >2. In addition, 53% of those with concurrent anemia and inflammation also had vitamin A deficiency, 5% had iron deficiency, and 3% had vitamin B 12 deficiency. Concurrent anemia and inflammation had higher serum vitamin B 12 concentrations and lower serum vitamin A concentrations compared to those without concurrent anemia and inflammation (Supplementary Appendix Table 1 ).
DISCUSSION
Studying a case-cohort sample of ART-naive, HIV-infected adults from diverse areas of the world, we observed that both anemia and inflammation were common in the setting of HIV. In addition, to our knowledge, this is the first study to show that concurrent pre-ART anemia and elevated CRP has a 6-fold higher hazard of clinical failure post-ART; neither anemia without inflammation nor inflammation without anemia was associated with increased risk. Identifying concurrent anemia and inflammation in HIV patients prior to ART initiation and focusing on reducing their inflammation levels or thoroughly investigating for occult infections would likely reduce adverse ART outcomes for a particularly high-risk group. Pre-ART anemia prevalence was >50%, which is consistent with high rates documented in other studies of HIV-infected adults [5] . Our identified risk factors for anemia-namely, female sex, lower CD4 count, and hypoalbuminemia-are also Figure 3 . Association of baseline anemia with clinical treatment failure using full case cohort. A, Using the full case cohort (n = 470), hazard ratios of clinical treatment failure by baseline anemia and baseline concurrent anemia and inflammation were calculated using univariable and multivariable Cox proportional hazards regression models. In multivariable model 1, the variables adjusted for were sex, age, body mass index (BMI), CD4 count, viral load, and C-reactive protein (CRP), and the reference group was people with no anemia. In multivariable model 2, categories were based on combination of anemia and CRP. Hazard ratio of clinical failure in nonanemic people with high inflammation (CRP ≥10 mg/L) (labeled No anemia and High CRP), anemic people with low inflammation (CRP <10 mg/L) (labeled Anemia and Low CRP), and anemic people with high inflammation (concurrent anemia and inflammation) were compared to the reference group of nonanemic people with low inflammation. Multivariable model 2 adjusted for sex, age, BMI, CD4 count, and viral load. Variables were categorized using the same definitions in Table 1 . B, Kaplan-Meier curve is shown by the 4 categories. Abbreviation: ART, antiretroviral therapy. supported by findings from other studies [13, [34] [35] [36] [37] [38] [39] . In addition, although we were unable to document causal relationships due to the cross-sectional nature of our assessment, our data suggested that inflammation might be contributing to anemia, whereas deficiencies of vitamin A, vitamin B 12 , and iron were less common. We did not, however, have information on folic acid deficiency anemia as we did not measure red blood cell folate levels. Regarding baseline anemia and ART outcomes, our analysis is consistent with many studies that have shown an association between pre-ART anemia and clinical failure post-ART [8] [9] [10] [11] . Our analysis, however, is among the first to find that concurrent anemia and inflammation, but not anemia or inflammation alone, is a predictor of clinical failure post-ART; further studies are needed to elucidate the mechanism for this relationship, as this association has not been previously described in the setting of HIV. Elevated CRP alone has been previously associated with adverse treatment outcomes [20, 21, 30] . One potential mechanism for this association is that inflammation can lead to metabolic (oxidative stress, weight loss, and wasting) and nutritional (depletion of vitamins and minerals) changes that have been associated with adverse HIV outcomes [30, 40, 41] . However, biological explanations for the association of anemia with HIV outcomes are less clear, with suggestions that anemia might not directly lead to disease progression but is an indicator of an advanced disease stage [14] [15] [16] . Our data show that individuals with anemia but no inflammation do not have an increased risk of disease progres-sion, supporting this proxy role of anemia in the setting of inflammation.
We postulate that concurrent anemia and inflammation in HIV represents a condition where uncontrolled inflammation is a direct contributor to anemia (through inhibition of erythropoiesis and suppression of bone marrow [42] ) representing a more advanced disease stage, which then results in adverse disease outcomes despite initiation of ART. An alternate explanation for this association is that the concurrent presence of anemia and inflammation may represent the early stages of an occult opportunistic infection, such as tuberculosis. These individuals with concurrent anemia and inflammation are at highest risk for adverse outcomes and may benefit most from clinical therapies (ie, anti-inflammatory drugs or thorough investigation for occult infections). Due to the relatively high treatment adherence of our study population [43] , the lack of adherence is not a likely explanation for the observed increase in clinical failure risk for this group. As inflammation may be multifactorial, it seems possible that individuals with inflammation but without anemia are not at increased risk because they have transient inflammation or have less advanced disease stage; we observe that they have a longer median time to disease progression and have lower median CRP levels (data not shown) than the group with concurrent anemia and inflammation. Thus, concurrent anemia might help us distinguish if a patient's elevated CRP is cause for concern (due to its advanced stage or occult infection). Future studies are needed in which anti-inflammatory drugs are administered in a randomized trial of HIV-infected individuals with high inflammation to determine if reducing inflammation alone is enough to reduce adverse outcomes. Alternatively, if this represents occult infections, then changes in clinical practice, including a more thorough investigation for occult infections and closer monitoring after ART initiation, are needed. In addition, future studies are needed to determine if concomitant parasitic infections, known to cause anemia and inflammation, might explain the increased clinical failure [44] . Although there are no established criteria to define ACD, previous studies have suggested using TfR-F index values <1 [18, 29] . Interestingly, our CRPbased definition identified an overlapping yet distinct population with better prognostic value than the TfR-F index. Given that our CRP-based definition also describes a population where concurrent inflammation and anemia is contributing to adverse outcomes, it is possible that the definition of ACD based on TfR-F index alone, due to its lack of prognostic value, might not be as valid for HIV-infected populations.
Strengths of our study include the prospective design to determine associations and the use of a random subcohort for prevalence estimates of anemia among HIV-infected patients initiating ART. A limitation of our study was the exclusion of participants with severe anemia (hemoglobin <7.5 g/dL), which may have underestimated the effect of concurrent anemia and inflammation on clinical failure. The parent study excluded individuals with CD4 counts >300 cells/µL; thus, future studies are needed to determine if these findings are generalizable to HIV-infected individuals with higher CD4 counts. Our study lacked adequate power to detect effect on mortality as an independent endpoint. Nonetheless, we were able to observe an association with outcome even when only considering tuberculosis as an outcome (40% of the cases), which suggests that this association is clinically important.
In conclusion, concurrent anemia and CRP-defined inflammation could be a useful marker in HIV-infected individuals initiating ART to identify people at high risk for clinical treatment failure. Whether these individuals have a more advanced HIV disease state or occult opportunistic infections, future therapeutics and interventions beyond ART that can reduce inflammation or identify occult infections are needed to improve treatment outcomes.
